؉ T cells, the primary antiviral effectors that localize to the CNS parenchyma in response to infection. These data suggest that in contrast to the results seen with MMPs, inhibition of protease activity via TIMP-1 expression correlates with the differential tissue distribution of T-cell subsets during acute coronavirus-induced encephalitis.
diated EAE induces MMP-3, -7, -8, -9, -10, -12, -13, and -14 and TIMP-1 within the CNS (19, 21) . Increased MMP expression and/or decreased expression of TIMPs is associated with increased MS clinical activity (11, 20, 31, 32) . These data are consistent with the ability of MMP inhibitors to prevent EAE (4) and imply a distinct proinflammatory role for MMPs in the pathogenesis of CD4 ϩ T-cell-mediated autoimmune CNS disease. CD8 ϩ T cells are the primary effectors of virus control during coronavirus-induced encephalitis (17) . They enter the CNS parenchyma and suppress viral replication via a combination of perforin-mediated cytolysis and gamma interferon (IFN-␥) secretion (17, 27) . Although cellular components of both innate and adaptive arms of the immune system are recruited into the CNS during coronavirus-induced acute encephalitis, only a limited number of the broad potential spectrum of MMP mRNAs are induced (33) . MMP-9 mRNA levels are not increased; however, the ability of inflammatory cells to extravasate through blood vessels and traverse the BBB during coronavirus-induced encephalitis correlates with increased levels of preformed MMP-9 protein derived from neutrophils (34) . Only MMP-3, MMP-12, and TIMP-1 mRNA expression increases within the CNS in response to acute coronavirus encephalitis (33) . To reach parenchymal sites of viral infection, CD8 ϩ T cells must overcome both the physical barrier represented by the BBB as well as the CNS parenchymal ECM (2, 12, 23, 25, 32) . By contrast, CD4 ϩ T cells, vital for parenchymal CD8 ϩ T-cell survival, are retained within the subarachnoid spaces and perivascular areas (17, 27) . The potential role(s) of MMP-3, MMP-12, and TIMP-1 in regulating the differential CD8 ϩ and CD4 ϩ T-cell migration into the CNS parenchyma during acute virus-induced encephalitis was examined by analysis of mRNA derived from both CNS resident and inflammatory cells and by immunohistochemistry. Astrocytes were the prominent source of MMP-3 in both infected immunocompetent and infected immunosuppressed mice. By contrast, MMP-12 was expressed by multiple CNS resident and infiltrating cell types. However, similar to MMP-3, MMP-12 expression in resident cells was enhanced in immunosuppressed mice. Enhanced MMP expression in the CNS of immunosuppressed mice correlated with increased viral replication, increased IFN-␤ mRNA levels, and increased TIMP-1 mRNA induction in CNS resident cells, suggesting virus-induced MMP activation. However, in the presence of an inflammatory response TIMP-1 protein expression was undetectable in astrocytes, microglia-macrophages, or CD8 ϩ T-cell effectors, which localized to the areas of parenchymal infection. By contrast, TIMP-1 protein was almost exclusively expressed by CD4 ϩ T cells localized to the perivascular and subarachnoid spaces. The differential expression of TIMP-1 by perivascular CD4 ϩ T cells, and its absence from parenchymal CD8 ϩ T cells, suggests a novel role for TIMP-1 in regulating differential T-cell recruitment into the CNS parenchyma during coronavirus-induced encephalitis.
MATERIALS AND METHODS
Mice and viruses. C57BL/6 male mice were purchased from the National Cancer Institute (Frederick, Md.). Mice between 6 and 8 weeks of age were infected intracerebrally with 250 PFU of the 2.2-V-1 variant of the neurotropic JHM strain of mouse hepatitis virus (JHMV) (7) in a volume of 30 l of sterile endotoxin-free phosphate-buffered saline (PBS). For immunosuppression, mice were irradiated with 9.5 Gy from a 137 Cs gamma vertical beam source 24 h prior to infection (22, 23) . CNS virus titers were determined by plaque assay of clarified brain homogenates adsorbed onto monolayers of DBT cells as previously described (7) . All procedures were performed in compliance with Keck School of Medicine Institutional Animal Care and Use Committee-approved protocols.
Isolation of CNS-derived cells. Cells were isolated from the CNS of mice perfused via intracardiac injection of 50 ml of PBS. For CNS inflammatory cells, including neutrophils, macrophages, NK cells, microglia, and T cells, brains were homogenized in RPMI medium supplemented with 25 mM HEPES (pH 7.2) and 1% fetal bovine serum by the use of ice-cold Tenbroeck tissue homogenizers. For CNS resident cells, including an astrocyte-enriched population and oligodendroglia, tissues were minced at 4°C and digested with trypsin (0.25% final concentration) for 30 min at 37°C with agitation. Digestion was terminated by addition of an equal volume of ice-cold RPMI medium containing 20% fetal calf serum. For both types of preparations, cells were suspended in 30% Percoll (Pharmacia, Piscataway, N.J.) and concentrated onto 1 ml of 70% Percoll by centrifugation at 800 ϫ g for 20 min at 4°C (3, 34) . Cells were collected from the 30%Percoll-70% Percoll interface and washed twice with RPMI medium prior to analysis.
Prior to flow cytometry, nonspecific binding was minimized by incubation with purified rat anti-mouse FcIII/IIR monoclonal antibody (MAb) (2.4G2; BD PharMingen, San Diego, Calif.) diluted in PBS containing 2% mouse serum and 0.5% bovine serum albumin (Sigma Chemical Company, Saint Louis, Mo.) for 15 min at 4°C. Surface expression was determined with MAb specific for CD8 (53-6.7), CD4 (GK1.5), NK1.1 (PK136), Ly-6G and Ly-6C (RB6-8C5), major histocompatibility complex class II (2G9), CD45 (30-F11), CD11b (M1/70) (all from BD PharMingen), and F4/80 (Cl:A3-1) (Serotech, Raleigh, N.C.). Oligodendroglia were identified using MAb O4 as previously described (9) . Cells were stained for 30 min on ice and isolated using a FACSDiVa flow cytometer (Becton Dickinson, Mountain View, Calif. Gene expression analysis. RNA was prepared from the brains of individual mice (n ϭ 3 to 5/group) by homogenization in guanidine isothiocyanate and isolated by centrifugation through 5.7 M cesium chloride as previously described (22) . RNA from cell populations isolated from the CNS by fluorescence-activated cell sorting (FACS) was prepared from four to seven pooled mice per group by the use of Trizol reagent (GIBCO BRL, Rockville, Md.). Splenic CD4 ϩ T cells were prepared by positive selection using anti-L3T4-coated magnetic beads (Miltenyi Biotech Inc., Auburn, Calif.). Purity was assessed by flow cytometry using fluorescein isothiocyanate (FITC)-labeled anti-CD4, phycoerythrin-labeled anti-CD8 ϩ , and FITC-labeled anti-CD19 (BD PharMingen). CD4 ϩ T cells were enriched to Ͼ96%. Purified CD4 ϩ T cells were activated by incubation for 12 h in RPMI medium containing 10% fetal calf serum, 500 ng of phorbol myristate acetate (PMA)/ml, and 1 M ionomycin. RNA from untreated and activated CD4 ϩ T-cell populations was prepared using Trizol reagent (GIBCO BRL). DNA was eliminated with a DNA-Free kit (Ambion, Austin, Tex.). Reverse transcription used AMV reverse transcriptase (Promega, Madison, Wis.) (22) . Semiquantitative RNA expression used an ABI 5700 SDS PCR thermocycler (Applied Biosystems, Foster City, Calif.) and SYBR green reagents. Primer pairs used for analysis are described in Table 1 . Amplification linearity of each primer pair was confirmed to have a correlation coefficient of Ͼ0.98 by measuring fivefold dilutions of cDNA samples. Cycle threshold (C t ) values are defined as the cycle number at which fluorescence exceeded a thresh- Histopathology. Frozen sections (6 m) were fixed in acetone for 15 min at room temperature and incubated with goat anti-human MMP-3 antibody, goat anti-mouse MMP-12 antibody, rabbit anti-human TIMP-1 antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.), anti-CD4 MAb (L3T4), or anti-CD8 MAb (53-6.7) (BD PharMingen). Biotinylated secondary Ab (Vector Laboratory, Burlingame, Calif.) complexes were visualized using avidin-biotin peroxidase and NovaRED substrate (Vectastain-ABC kit; Vector Laboratory). Slides were read in a blinded fashion. For confocal microscopy, sections were fixed in 4% paraformaldehyde for 15 min at room temperature. Coexpression of MMP-3 and GFAP was detected with goat anti-human MMP-3 antibody (Santa Cruz Biotechnology), FITC-conjugated donkey anti-goat antibody (Chemicon, Temecula, Calif.), mouse anti-human GFAP MAb (Dako Corporation), and tetramethyl rhodamine isothiocyanate-conjugated rabbit anti-mouse antibody (Chemicon). Coexpression of TIMP-1 and CD4 employed rabbit anti-human TIMP-1 antibody (Santa Cruz Biotechnology), Cy3-conjugated goat anti-rabbit antibody (Chemicon), rat anti-mouse CD4 antibody (BD PharMingen), and FITC-conjugated rabbit anti-rat antibody (Chemicon). Slides were examined using a Zeiss LSM510 confocal microscope. CD4 ؉ T-cell purification. Splenocytes were depleted of B cells by adsorption onto 150-mm-diameter plates coated with goat anti-mouse immunoglobulin (ICN Pharmaceuticals, Costa Mesa, Calif.). Following B-cell depletion, CD4
ϩ T cells were purified by positive selection using anti-CD4 (MAb GK1.5)-coated magnetic beads (Miltenyi Biotec Inc.). Purity was assessed by flow cytometry using phycoerythrin-labeled anti-CD8 ϩ antibody (clone 53-6.7), FITC-labeled anti-CD4 MAb (clone GK1.5), and FITC-labeled anti-CD19 MAb (clone 1D3) (BD PharMingen). CD4
ϩ T cells were enriched to Ͼ98%. CD4 ϩ T cells were activated by incubation in the presence of 500 ng of PMA/ml and 1 M ionomycin for 12 h at 37 C. RNA was extracted as described above, and the mRNA expression levels determined by real-time PCR was compared to the results seen with untreated CD4 ϩ T cells relative to the housekeeping ubiquitin mRNA expression.
Statistical analysis. Results from three or more samples per experiment are represented as means Ϯ standard deviations (SD) as analyzed using the Student's t test. Results from duplicate experiments are presented as means Ϯ ranges.
RESULTS

Distinct patterns of MMP and TIMP expression by CNS inflammatory and resident cells.
RNase protection assays of the murine CNS infected with a neurotropic coronavirus suggested an early increase in MMP-3, MMP-12, and TIMP-1 mRNA expression (33) . Expression levels peaked coincident with maximal viral replication at day 6 postinfection (p.i.) but prior to maximum inflammation (33) . Both the limited expression of MMP-3, MMP-12, and TIMP1 and the quantitation of mRNA levels were confirmed by real-time PCR (Fig. 1A) . In the naïve CNS MMP-3 was undetectable, whereas MMP-12 and TIMP-1 mRNA were detected at low levels ( Fig. 1A) , consistent with previous data (11, 19, 20, 21, 32) . During immunity-mediated virus clearance from the CNS the expression of MMP-3 and MMP-12 mRNA diminished precipitously by day 8 p.i. By contrast, TIMP-1 mRNA remained elevated over basal levels to day 14 p.i., the last time point examined (Fig.  1A) . Previous studies revealed no alterations in MMP-1, MMP-2, MMP-7, MMP-9, MMP-10, MMP-11, MMP-13, MMP-14, TIMP-2, or TIMP-3 mRNA levels in the CNS during coronavirus-induced encephalitis as determined by an RNase protection assay (33) . These findings were confirmed by results showing minimal (Ͻ2-fold) changes in the mRNA encoding MMP-2, MMP-9, MMP-14, TIMP-2, and TIMP-3 as detected by real-time PCR analysis over the course of CNS infection (data not shown). Restricted induction of MMPs and TIMPs by virus infection thus contrasts with the increased expression of numerous MMPs and TIMPs associated with autoimmune inflammation in both the human and the rodent CNS (11, 19, 20, 21, 22, 30) .
To distinguish the expression levels of MMP-3, MMP-12, and TIMP-1 mRNA in infiltrates and CNS resident cells, single-cell suspensions from the CNS were separated into a CD45 Ϫ population, comprising resident cells including astrocytes and oligodendroglia, CD45 low microglia (8) , and CD45 hi bone marrow-derived infiltrating leukocytes as depicted in Fig.  1B . At day 6 p.i., MMP-3 mRNA was mainly expressed by CD45 Ϫ CNS resident cells (Fig. 1C) , although minimal expression was also detected in CD45 low microglia and CD45 hi infiltrating cells. By contrast, MMP-12 mRNA was expressed by infiltrating cells, microglia, and CNS resident cells (Fig. 1C) . TIMP-1 mRNA expression was most abundant in the CNSinfiltrating population. Nevertheless, TIMP-1 mRNA levels were also increased in CNS resident cell populations during infection, with higher levels in CD45
Ϫ compared to those seen with CD45 low microglia (Fig. 1C ). These data demonstrate differential expression of protease mRNA by CNS resident and inflammatory cells. Prominent TIMP-1 expression by infiltrating cells distinguishes virus-induced encephalitis from EAE in which TIMP-1 expression is confined to resident astrocytes (19, 21) .
Immunosuppression increases MMP and TIMP mRNA expression. The contribution of inflammation to expression of MMP-3, MMP-12, and TIMP-1 mRNA in the CNS was examined by comparing immunocompetent with immunosuppressed mice at day 6 p.i. Immunosuppression eliminated the CD45 hi inflammatory cells, resulting in a flow cytometric pattern identical to that seen with naïve mice (Fig. 2A) . Furthermore, expression of neutrophil-and macrophage-specific mRNA (elastase and myeloperoxidase) decreased to undetectable levels in the CNS of the immunosuppressed mice, in contrast to the results seen with untreated mice (data not shown). Consistent with the uncontrolled virus replication in the absence of adaptive immunity (Fig. 2B) (3, 22, 33) , levels of mRNA encoding the viral nucleocapsid protein increased approximately sevenfold in the CNS of infected immunosuppressed compared to immunocompetent mice at day 6 p.i. (data not shown). Immunosuppression further increased MMP-3, MMP-12, and TIMP-1 mRNA expression compared to the levels expressed in the CNS of immunocompetent mice (Fig. 3) . Similar to the results seen with the CNS of infected immunocompetent mice, expression levels of mRNAs encoding other MMPs (MMP-2, MMP-9, and MMP-14) or TIMPs (TIMP-2 and TIMP-3) were not significantly altered in the CNS of infected immunocompromised mice (33; data not shown). In immunosuppressed mice, MMP-3 mRNA expression was confined to CD45
Ϫ resident cells, whereas MMP-12 mRNA was expressed by both CNS resident CD45
Ϫ cells and CD45 low microglia (Fig. 3) . Therefore, the ubiquitous MMP-12 mRNA expression and more restricted expression of MMP-3 mRNA were independent of inflammation (Fig. 3) . Immunosuppression resulted in a further increase in TIMP-1 mRNA expression, albeit only within the CD45 Ϫ CNS cells (Fig. 3) . Thus, increased expression of TIMP-1 by CNS resident cells may represent a physiological attempt to compensate for potentially destructive effects of enhanced MMP-3 and MMP-12 expression. These data suggest that virus replication directly triggers up-regulation of MMP-3, MMP-12, and TIMP-1 mRNA expression. However, it is not clear whether the reduced mRNA expression detected in the immunocompetent hosts reflects reduced virus replication, inflammation, or a combination of both factors.
A variety of factors, including cytokines and chemokines, associated with encephalitogenic responses induce increased expression of MMP and TIMP mRNAs and proteins (11, 18, 29, 32) . Expression of several mRNAs encoding cytokines and chemokines known to affect MMP and TIMP expression (5, 11, 16, 18, 29, 32) increased in the CNS during infection (Table 2) , consistent with previous data (10, 22, 26) . Expression of the mRNA encoding tumor necrosis factor alpha (TNF-␣) peaked at day 4 p.i., while that of other cytokines associated with innate immunity (interleukin-1 alpha [IL-1␣], IL-1␤, IL-6, and IFN-␤) peaked at day 6 p.i. Expression of IFN-␥ mRNA and the mRNA encoding the chemokines CCL2 and CCL5 peaked at day 8 p.i., consistent with the maximal influx of CNS inflammatory cells (17, 33) . The mRNA kinetics suggested an association between the induction of MMP-3, MMP-12, and TIMP-1 with cytokines associated with innate immunity. Potential mediators of virus-induced expression of MMP and TIMP mRNA were thus further examined by comparing mRNA from the CNS of infected immunocompetent and immunosuppressed mice. Immunosuppression did not alter IL-6 or TNF-␣ mRNA levels in the infected CNS (Fig. 4) . By contrast, mRNA levels of IL-1␣ and IL-1␤, the other innate cytokines, decreased substantially. The most dramatic change was noted in the ϳ10-fold up-regulation of IFN-␤ mRNA expression in the CNS of infected immunosuppressed mice (Fig. 4) . As expected, IFN-␥, CCL2, and CCL5 mRNA expression decreased in the absence of inflammation (Fig. 4) . Increased expression of MMP-3, MMP-12, and TIMP-1 mRNA in the CNS of infected immunosuppressed mice was thus associated with a dramatic increase in levels of IFN-␤ and decrease in levels of IL-1␣ and IL-1␤. Although the possibility that IL-1␣ and IL-1␤ negatively regulate MMP and TIMP expression cannot be ruled out, these data are consistent with the concept that virus-induced IFN-␤ secretion by CNS resident cells may direct expression of the limited number of potential proteases as well as a single specific MMP inhibitor. 
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Cell-type-specific MMP and TIMP expression. The specific cell types expressing protease and inhibitor mRNA within the inflamed CNS at 6 days p.i. were identified by flow cytometry. The CD45 Ϫ population was separated into an astrocyte-enriched population and oligodendroglia. Microglia were separated on the basis of their CD45 low phenotype (8, 20, 27) . Specific cell surface markers were used to separate neutrophils, macrophages, NK cells, CD8
ϩ , and CD4 ϩ T cells within the CD45 hi -infiltrating cell population (Fig. 1B) . Analysis of mRNA expression within the isolated populations demonstrated that MMP-3 mRNA expression was highest within the astrocyte-enriched population (Fig. 5A) , consistent with the predominant expression within the CD45 Ϫ population (Fig.  1C) . Immunohistochemistry supported the idea of expression of MMP-3 protein within cells exhibiting typical astrocyte morphology (Fig. 5B) . Finally, colocalization of GFAP and MMP-3 confirmed the identity of astrocytes as the cell type expressing MMP-3 protein in the coronavirus-infected CNS parenchyma (Fig. 5C ). These data confirm the transcriptional mRNA upregulation at the protein level and demonstrate that MMP-3 expression is limited to astrocytes during coronavirus-induced encephalitis.
In contrast to the astrocyte-restricted expression of MMP-3, MMP-12 mRNA was detected in multiple CNS resident and inflammatory cell types isolated from the inflamed CNS (Fig.  6 ). Among CNS resident cells, oligodendroglia expressed the highest levels of MMP-12 mRNA, although increased mRNA levels were also detected in the astrocyte-enriched population as well as microglia. Within the inflammatory cell populations, the highest levels of MMP-12 mRNA expression were detected in CD4 ϩ T cells, neutrophils, and macrophages (Fig. 6 ). Consistent with the broad distribution of MMP-12 mRNA, no specific cell population expressing MMP-12 within the inflamed CNS could be identified by immunohistochemistry due to diffuse protein expression in both the CNS gray and white matter (data not shown). These data indicate that in contrast to the astrocyte-restricted expression of MMP-3, MMP-12 is expressed by a variety of cell types during coronavirus-induced encephalitis.
TIMP-1 expression prevailed within the CD45 hi population derived from the infected CNS (Fig. 1C) but increased in the CD45 Ϫ population following immunosuppression (Fig. 3) . Fractionation of CNS-derived cell populations at day 6 p.i. showed that CD4 ϩ T cells expressed the highest level of TIMP-1 mRNA (Fig. 7) . NK cells and CD8 ϩ T cells also expressed TIMP-1 mRNA; however, the level was only ϳ30% of the level detected in CD4 ϩ T cells. Only minimal TIMP-1 mRNA was detected within any CNS resident cell population or within infiltrating macrophages (Fig. 7) , contrasting with TIMP-1 expression by astrocytes during EAE (19, 21) . The vast majority of cells expressing TIMP-1 protein in the encephalitic CNS localized to the perivascular and subarachnoid spaces ( on November 11, 2017 by guest http://jvi.asm.org/ these regions during acute coronavirus-induced encephalitis (27) (Fig. 7B) . By contrast, CD8 ϩ T cells localized predominantly within the CNS parenchyma during coronavirus infection (3, 17) (Fig. 7B) . Coexpression of TIMP-1 and CD4 by cells localized to the perivascular areas and subarachnoid spaces confirms the restricted TIMP-1 protein expression by inflammatory CD4
ϩ T cells recruited into the CNS during coronavirus-induced encephalitis (Fig. 7C) . Only rare TIMP-1-expressing cells were detected in the CNS parenchyma (Fig.  7C) . Although mRNA analysis suggested low levels of TIMP-1 expression by CD8 ϩ T cells, NK cells, and cells within the CD45 Ϫ population (Fig. 7A) , no colocalization of TIMP-1 protein expression and CD8 or GFAP was detected either in the perivascular areas or within the CNS parenchyma (data not shown). Whether this reflects the insensitivity of the method used or the absence of TIMP-1 expression is unknown; however, the data clearly demonstrate abundant expression of TIMP-1 by the CD4 ϩ T cells localized to the CNS perivascular regions.
These data demonstrate that the majority of TIMP-1 mRNA and all detectable TIMP-1 protein are expressed by CD4 ϩ T cells. To determine whether the CD4 ϩ T cells in the peripheral immune compartment expressed MMP and TIMP mRNA and whether expression was regulated by activation, MMP and TIMP mRNAs from CD4 ϩ T cells purified from the spleens of naïve mice before and following in vitro stimulation were compared. MMP-3 mRNA was expressed at barely detectable levels by CD4 ϩ T cells isolated from naïve mice (Fig. 8) , in similarity to the results seen with CD4 ϩ T cells isolated from the inflamed CNS (Fig. 5) . By contrast, mRNAs encoding MMP-2, MMP-9, MMP-12, MMP-14, TIMP-1, TIMP-2, and TIMP-3 were all readily detected in CD4 ϩ T cells from naïve mice (Fig. 8) . However, whereas the levels of the majority of mRNA species examined decreased following activation, the levels of mRNA encoding TIMP-1 increased (Fig. 8) . These data suggest a correlation between CD4 ϩ T-cell activation and TIMP-1 expression and the inability of activated CD4 ϩ T cells to access the CNS parenchyma.
DISCUSSION
Inflammatory cells are recruited into target tissues in response to signals, including cytokine and chemokine gradients (25) . Chemokines and other innate immune effector molecules increase adhesion molecule expression on endothelial cells, facilitating the prerequisite transient interactions between inflammatory cells and endothelial surfaces required for tissue entry (12, 23, 25) . Endothelial cells in most tissues constitutively express high levels of adhesion molecules, allowing T cells to sample the tissue environment, even in the absence of infection (12) . By contrast, CNS endothelia are characterized by low constitutive adhesion molecule expression and tight cell-cell junctions that contribute to the selective permeability of the BBB (2, 12, 23) , thereby restricting access of lymphocytes to the CNS. MMPs not only facilitate access of T cells into the CNS via disruption of the BBB but also potentially contribute to the inflammatory response via disruption of the CNS parenchymal ECM. Indeed, MMP activity in the parenchyma has been implicated in both neuronal death and myelin loss (11, 20, 32) suggesting a direct role in CNS pathology (10) . Among the diverse MMP family members, MMP-9 appears most critical to CNS inflammation. Consistent with its critical role in BBB disruption (34) it is found in MS lesions, which are associated with both the entry of encephalitogenic CD4 ϩ T cells during EAE (11, 19, 20, 21, 32 ) and a variety of viral and bacterial CNS infections (6, 14, 15, 34) .
In contrast to the apparent universal involvement of MMP-9, other MMP members are associated with different etiologies of CNS inflammation. For example, MMP-9, MMP-2, and MMP-7 are associated with HIV dementia (6), while MMP-8 is associated with bacterial meningitis (16) . Only MMP-3 and MMP-12 mRNAs, in conjunction with neutrophilderived preformed MMP-9 protein, are expressed during coronavirus-induced encephalitis (33, 34) . Increased MMP-12 expression by a variety of cell types is consistent with increased expression during EAE (19, 21) and its association with active MS lesions (11, 20, 30, 32) . Nevertheless, induction of this limited repertoire of MMPs during infection of the murine CNS is strikingly different from the diversity of MMPs induced during CD4
ϩ T-cell-mediated CNS autoimmunity, which includes MMP-2, -3, -8, -9, -10, -12, -13, and -14 (11, 19, 21, 32) . Possible explanations for this differential expression pattern within a single target organ include the diverse inflammatory cells recruited or the nature of the insult itself. During coronavirus infection, both innate and adaptive cellular components traffic into the CNS (3, 17, 34) , resulting in an acute encephalomyelitis accompanied by myelin loss. CD8 ϩ T cells are the major effectors of virus clearance (3, 17) , while both CD4 ϩ and CD8 ϩ T cells contribute to myelin loss (3, 24) . On the other hand, although CD4 ϩ T cells are required for induction of EAE, prominent CD4 ϩ T-cell recruitment into the CNS is accompanied by a variety of other cells, including macrophages (28) . These observations suggest that the cytokine or chemokine milieu induced, rather than the infiltrating cells themselves or tissue damage, i.e., myelin destruction common to both EAE and the later stages of coronavirus-induced encephalomyelitis, may play regulatory roles in specific MMP induction. Coronavirus replication induces the expression of a variety of chemokines and cytokines prior to T-cell infiltration (10, 22, 26, 33) . Similar kinetics of increases in MMP-3 and MMP-12 mRNA versus IL-1␣, IL-1␤, and IFN-␤ mRNA levels supported a correlation of CNS resident MMP mRNA induction and cytokines associated with innate, rather than adaptive, immunity.
Furthermore, immunosuppression did not inhibit MMP mRNA induction but rather specifically increased levels of MMP-3, MMP-12, and TIMP-1 mRNA. This suggests that virus replication itself is sufficient to induce the expression of a subset of MMPs in the absence of inflammation. Enhanced proteolytic activity in this case may be balanced by increased TIMP-1 expression. Similar to coronavirus infection of immunosuppressed hosts, TIMP-1 is expressed by CNS resident cells during EAE (19, 21) . The notion that TIMP-1 expression may reflect an attempt of the target tissue to limit CNS damage potentially induced by MMPs is supported by a correlation between deceased TIMP-1 and increased MMP levels during MS exacerbations and a poor prognosis (11, 20, 31, 32) . A critical role of TIMPs in regulating progression of CNS autoimmune disease is also clearly evident by the amelioration of EAE following treatment with MMP inhibitors (4, 11, 20, 32) .
It is difficult to discern whether increased MMP levels in immunosuppressed mice are directly associated with increased virus replication and concomitant reduced induction of IL-1␣ and IL-1␤, increased IFN-␤ mRNA levels, or the lack of CNS inflammatory cells. Comparison of MMP and cytokine induction in the inflamed and immunosuppressed CNS implicated IFN-␤ as a possible regulatory cytokine for MMP induction during virus-induced encephalitis. However, this concept contrasts with the role of IFN-␤ as a useful therapeutic agent in some MS patients and with its inhibition of MMP secretion by T cells in vitro (15) . The putative role of IFN-␤ in inhibiting CD4 ϩ T-cell-mediated autoimmune disease may reflect differences in MMP regulation during autoimmune disease and virus-mediated induction of IFN-␤. Alternatively, virus replication may induce MMP-3, MMP-12, and TIMP-1 mRNA and repress activation of other MMP and TIMP mRNAs via a complex of cytokine and/or chemokine synergistic interactions. For example, IL-1␤ and TNF-␣ act synergistically to increase TIMP-1 mRNA while repressing TIMP-3 expression in brain microvascular cells (5) . No changes in the restricted expression pattern of MMP-3, MMP-12, and TIMP-1 or in TNF-␣ and IL-6 mRNA levels in the infected CNS of immunocompromised mice compared to the results seen with control mice support the notion of virus-mediated regulation of MMP expression.
TIMP-1 is expressed by astrocytes during EAE (19, 21) . TIMP-1 is also present within MS lesions (11, 20, 32) and has been detected in cerebrospinal fluid of MS patients during active disease and in patients with viral meningitis (6, 11, 14, on November 11, 2017 by guest http://jvi.asm.org/ 15, 20, 31, 32) . By contrast, the majority of cells within the CNS expressing TIMP-1 during coronavirus-induced encephalitis are CD4 ϩ T cells localized within the perivascular and subarachnoid spaces. The majority of CD8 ϩ T cells, by contrast, are found within the CNS parenchyma, and only very rare TIMP-1-expressing cells were detected in the parenchyma. These data suggest that TIMP-1 expression by CD4 ϩ T cells is inversely correlated with the ability to migrate into the CNS parenchyma. This concept is consistent with increased TIMP-1 expression in human peripheral CD4 ϩ T cells versus CD8 ϩ T cells (13) , increased expression of TIMP-1 by activated peripheral murine CD4 ϩ T cells, and the inability of B cells, which express low levels of TIMP-1, to traverse the BBB (1). Neutrophil-derived MMP-9 is critical for disruption of BBB integrity, thereby allowing inflammatory cells to enter the perivascular and subarachnoid spaces (11, 20, 31, 32, 34) . The present data further show increased MMP-12 mRNA levels in CD4 ϩ cells compared to CD8 ϩ T cells, suggesting the possibility that expression of additional MMPs may be required for T cells to access the ECM-rich parenchyma. However, the differential expression of TIMP-1 by CD4 ϩ T cells implies an additional regulatory role for TIMPs in preventing or delaying access to the CNS parenchyma. By contrast, CD8 ϩ T cells, the primary effectors of CNS viral vclearance (2, 17), do not express TIMP-1 and traffic into the parenchyma in search of virusinfected cells (2, 27) .
The analysis of MMP and TIMP mRNA expression by individual cell populations isolated from the inflamed CNS, coupled with immunohistochemistry, provides insight into the potential mechanisms contributing to the differential trafficking of T cells within the CNS during coronavirus-induced encephalitis (17, 27) . These data suggest that the diversity of MMP and inhibitor expression plays a role in shaping CNS inflammatory processes and further suggest a direct correlation with the differential ability of inflammatory cells to access the CNS parenchyma during virus-induced encephalitis. Expression of TIMP-1 by CD4
ϩ T cells provides a novel insight into differential T-cell trafficking into virus-infected tissue and emphasizes the importance of T-cell localization in controlling viral pathogenesis of the CNS.
